For archaeological dating the following properties are central: (1) the Stage 2 mass gain is adequately described by a t 1/4 model [1] [2] [3] [4] , and (2) the mass gain equilibrates to a constant value (used in age estimation calculations) within a short period (days), following drying at 105-110°C. 1, 2 However, there is growing evidence against the suitability of a t 1/4 model, with instead a more flexible t 1/n model argued to provide a better description. [5] [6] [7] [8] [9] There have also been issues encountered with equilibration following drying (drying herein generally refers to the process of oven heating of a previously fired ceramic at 105-130°C to remove loosely bound or physisorbed water); the mass gain has been observed to have a two stage behavior, similar to that following reheating at 500°C (reheating herein refers to heating of a previously fired ceramic at 500°C), with the second of these, Stage 2, again more adequately modelled by a t 1/n based approach. [7] [8] [9] [10] A review of RHX work has further found that these properties, (1) and (2), are not adequately supported by experimental evidence and are questionable in their suitability (see Section 2.5 of Barrett 11 ). For continued development of RHX dating, these properties need further clarification.
An improved understanding of the processes contributing to Stage 1 and Stage 2 following both drying and reheating would be beneficial in this regard. While there has been detailed work on understanding the nature of chemically bound water in clays and the effect of heat on the clay mineralogy and microstructure, reviewed elsewhere 11, 12, 13 , the mechanism and kinetics of mass gain following reheating that lead to this Stage 1 and Stage 2 behavior are still not well understood (see review of Hamilton and Hall 13 as well as the discussion of Gallet and Le Goff 10 ); in terms of physisorption on fired clays (specifically aluminosilicate rich and compositionally complex archaeological ceramics [14] [15] [16] ), with the exception of studies on related, but more homogeneous, materials 14 and more recent RHX related studies 17, 18 , there appears to be a a dearth of focused work. 17 water removed between 105°C-500°C; and T2, the (re)hydroxyls, removed at 500°C. It is argued by Wilson et al. 2, 17 that, following reheating, Stage 1 mass gain is due to a combination of both T0 + T1 water, termed T01 water, as well as simultaneous T2 (rehydroxylation mass gain); Stage 1 ends with equilibration of T01 water with Stage 2 then commencing with continued uptake of T2 water alone (following drying at 105°C, equilibration of T01 physisorbed water is the only mass gain process taking place 2 ). Yet the arguments for associating a distinct chemisorbed or weakly chemically bonded water, T1, with Stage 1 do not appear well justified 11 with Gallet and Le Goff 10 instead arguing for associating T1 with a chemisorption process taking place in Stage 2
following both drying and reheating (for the latter they argue that chemisorption and rehydroxylation processes may be taking place).
The present work, part of a larger study assessing the archaeological application of rehydroxylation dating, 11 attempts to clarify (a) the nature of the processes in both stages, (b) the suitability of the aforementioned mass gain models, and (c) the manner of mass gain following drying. For a diverse collection of well-fired pre-dominantly post-medieval brick samples, the mass gain curves obtained following both drying and reheating and also for a range of aging temperatures are recorded and analyzed with both mass gain models tested (aging refers to the sample gaining mass, following drying/reheating, under constant environmental conditions, i.e. temperature and humidity). As well as this, partial vitrification (bloating/melting) was common in brick samples.
Samples were (wet-)cut into sets of cubes (20-40g, or subsherds) with outer layers removed (2-4mm), cleaned (rinsed with de-ionized water), granulated (chiseled by hand and sieved to extract granules of size 2-5.6mm, 0.05-0.15g), and given a final cleaning; pre-drying at 60°C was carried out at various stages during this process to remove both loose water introduced during preparation and bulk water already in the sample before proper drying was conducted.
Granulation was carried out in order to allow mixing and homogenizing of sample material that often has a very heterogeneous composition in its original form. These granules were thoroughly mixed and would eventually be split into three subsamples (15-25g) per sample after drying. These three subsamples would then be aged at 25°C, 35°C or 45°C after both drying and reheating.
Drying, Heating and Mass Gain
Granulated samples were dried at 130°C in an oven over a period of 2 months (full method and issues of incomplete drying are discussed elsewhere 11 ). On the penultimate day of drying, splitting into subsamples was conducted;
subsamples were placed into Pyrex beakers before a final day of drying.
Following drying, the 130°C stage of mass gain measurements were performed. Subsamples to be aged at 25°C were cooled in desiccated container (pre-conditioned to < 3%RH, silica gel) before transfer to a glove box arrangement (see Barrett 12 ), GBA, which features a top-loading balance (Sartorius CPA225D, 100g capacity, ±0.02mg repeatability) under controlled temperature (25 ± 0.5°C) and humidity conditions (75 ± 1%RH). The Stage 1 mass gain was recorded over a period of 6-7 hours before the subsamples were moved to an environmentally (temperature) controlled chamber (25°C), ECC, with humidity controlled by saturated salt solution of NaCl (75 ± 1%RH experimentally determined, see Greenspan
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) in a sample box holder used for storage and transfer to/from the glove box arrangement. The samples were then transferred for periodic weighing to the GBA over a minimum period of two months (initially daily but with growing intervals as the quantities of mass gain diminished). The procedure for the samples aged at 35°C and 45°C is identical except Stage 1 monitoring was not carried out and the environmental chambers were at the respective aging temperatures.
After the 130°C stage mass gain monitoring was completed, the subsamples were heated in a furnace at 500°C for a period of approx. 72 hours. Then the same procedure as for the 130°C stage was repeated (after reheating samples were let cool to 200°C in the furnace before removal to desiccated conditions) with weighing conducted over the same duration.
Mass Gain Curve Analysis (Stage 1)
The main characteristics of interest in Stage 1 are the mass gain, mS1, across the duration, tS1, of S1 and the differences between the dried (130°C) and reheated (500°C) components of this property, see Figure 1 (a). The mass gain during S1, mS1 is calculated from the difference in the intercept mass, m0, acquired through modelling of the S2 mass gain with the t 1/4 model (see below), and the initial (dry) mass gain measurement recorded for S1, md. This value was then normalized with respect to md to provide a fractional value for comparison between samples. Estimation of the S1 mass gain is not precise and can only be taken as an approximation; the first measurement during mass gain measurements will not correspond to the initial 'dry' mass, md, as a significant level of moisture uptake (physisorption/chemisorption) will have taken place already (dependent on timing delays, variations in %RH control/temperature, type of sample, i.e. surface area). Also, because the completed S1 mass estimates, m0, are based on the t 1/4 modelled results, the results are taken only as an approximation and proxy for the true S1 mass gain.
Mass Gain Curve Analysis (Stage 2)
The Stage 2 mass gain was modelled using the following generalized expression:
with m(t) the sample mass, t the time since exposure to moisture following drying/reheating, m0 the intercept mass of the S2 mass gain, αm the mass gain rate (elsewhere referred to as the rate constant 1,2 ), T is the absolute temperature, with n = 4 or n = r, with r sample dependent. 1, 2, 5, 7 Where n > 4 or n < 4, the Stage 2 mass gain is referred to as having a positive or negative curvature, respectively, Figure 1 
(a).
The mass gain rate (rate constant) has an Arrhenius temperature dependence 1 and can be described by the following equation (generalized from Hall and Hoff
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; Hall et al. 23 ):
with A the pre-exponential factor, Ea the activation energy, R the gas constant, T the absolute temperature, and n = 4
for t 1/4 model.
Where the rate constant is estimated for a range of temperatures, the activation energy can be calculated from:
with α0 the rate constant at some reference temperature T0. Plotting the natural log of the normalized rate constant (normalised relative to the reference rate) as a function of the inverse temperature and then carrying out a linear regression, permits the activation energy to be calculated from the slope.
Modelling
The mass gain curves were modelled using custom code featuring the MATLAB R2012a function fit at its core (linear and non-linear least square regressions using a Trust Region algorithm). A timespan analysis (an approach previously used by Le Goff and Gallet
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) was carried out that involved modelling all data points initially and then consecutively subtracting a data point from the start of the previous series for each subsequent regression; best-fit R 2 and RMSE values were recorded as a function of this process. However, because of issues with curvature in the data for the t 1/4 approach, and in order to provide a standard period of comparison, modelling was generally carried out over the entire ECC-GBA measurement period. For t 1/n modelling, this timespan analysis was used for each of the six data series associated with each sample (130°C/500°C, three temperatures). Each best fit provided a value for 1/n. The average of these was taken to provide a constant 1/n value, 1/r, say with a t 1/r model then re-applied to all six data series.
Fixing 1/r assumes conformity to a fixed 1/n behavior for all drying/reheating and aging temperature curves; however for abnormal samples that suffered from high surface area capillary condensation issues (Etr, Por, Lan, Dow1, Dow2,
and Rom to some extent), discussed in Barrett, 11 modelling with a t 1/n approach was unsuccessful. Mass gain rates were normalized relative to the intercept mass of the 500°C Stage 2 curve, m500. The RHX rate, αRHX, was calculated for each aging temperature by subtracting the 130°C curve rate, α130, from the 500°C curve rate, α500, Figure 1 
(b);
this component based approach is dealt with elsewhere. This was carried out for both the t 1/4 and t 1/n models (see Barrett 11 , Section 7.2 for worked examples and for more detail on modelling method, results and the component based approach).
Activation energies were calculated (Equation 3), for both the 130C (Ea130) and 500C (Ea500) components separately, and also for the RHX component, EaRHX, using the RHX rate constant estimates. Again this was carried out for both the t 1/4 and t 1/n approaches, where possible.
TG-MS and Sorption (BET) Analysis
Thermogravimetric-mass spectrometry was carried out using a Netzsch TG 209 F1 Libra thermo-microbalance in series with a Pfeiffer Thermostar mass spectrometer. Approximately 30-40mg of powdered dating sample (<63μ) was placed in an Al2O3 crucible within the TG 209 and heated from 25°C to 1000°C at a rate of 20°C/min under a constant flow of nitrogen at 50mL/min. Mass spectrometry was carried out for ions of mass number 18 (H2O), 44 (CO2) and 64 (SO2) with only the results for mass 18 dealt with in the present work. Sampling of the mass and ion current (mass spectrometry) was carried out for each °C increment in temperature. Analysis of the mass loss curve, its first derivative, and ion fragment curves was undertaken after smoothing (moving average with n = 11). For comparison, the mass loss (%wt. loss) and mass spectrometer (mass18, H2O) ion current (A) curves were scaled to match the total mass loss and ion current of the sample Ann over the region 50-600°C. An average H2O loss curve for well-behaved (see Discussion) samples was prepared.
Adsorption tests were carried out to examine the specific surface area (S.S.A., Brunauer-Emmett-Teller (BET) theory) and pore size/volume (Barrett-Joyner-Halenda, BJH theory) of samples. 24 This was carried out by the facility
Analytical Services and Environmental Projects (ASEP) at Queen's University Belfast using a Micromeritics Tristar
II 3020 automated gas (nitrogen) adsorption analyser. Approximately 0.5-0.8g of granulated sample (3.35-2mm sieved fraction) was submitted for analysis for each sample. This followed heating of the sample at 500°C for 24
hours to remove most bulk moisture and combustibles from the sample that might interfere with the adsorption/desorption processes. Issues were encountered with samples Rat and Tur where sorption was particularly low and complete sorption curves could not be recorded for estimation of all surface area related characteristics (Cal also presented poor sorption curves due to low surface area). Note that BET was carried out on a couple of granules and will not have the level of homogeneity of the samples used in mass gain experiments i.e. the results reflect more localized characteristics in the original material.
III. Results

Curves
The complete set of S1 and S2 mass gain curves and modelling results is available in Barrett. 
2).
The example Rat, Figure 2 (bottom left) is unusual because it exhibits no S1 behavior and a strong positive curvature.
Mac, (bottom right), like Bel, shows S1 behavior that is significantly greater in magnitude (approximately x4 times)
for the 130°C component than for the 500°C component. This is related to the presence of gypsum, dealt with elsewhere.
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Examples of typical sets of curves for all aging temperatures are provided in Figure 3 . 
Stage 1
The relationship between the 130°C and 500°C S1 mass gains (at 25°C aging temperature) are presented in Figure 4 (a); abnormal samples plus Cau are removed because of modelling issues, and Mac and Bel because of gypsum related physisorption issues. 11 Negative mass values result from the m0 modelled values of samples with positively curved (upward concave) S2 and very small mS1 being less than md. As this issue affects the estimates from both the drying and reheating curves to a very similar degree (because the magnitude of curvature is the same for both, shown later), comparing the 'proxy' S1 fractional masses of both is considered acceptable. Observation of the mass gain curves alone, see examples in Figure 2 and the complete set in Barrett (Appendix E), 11 reveals little difference between the S1 magnitudes following drying and reheating.
Rates, Activation Energies and 1/n Values
The relationships between the fractional mass gain rates following drying and reheating (i.e. the 130°C and 500°C components) at each aging temperature, are shown in Figure 4 (b), for the t 1/4 model (the t 1/n model produced similar results, Figure S5 ). For the t 1/4 plots, the six abnormal samples have been removed. Strong linear relationships with slopes of similar magnitude are apparent for all aging temperatures (mass gain rate and intercept data is included in S11-S14).
An example of the Arrhenius plot used in activation energy estimation is presented in Figure 4 (c) for Ann using the t 1/4 model. Linearity is present for all components (130°C, 500°C and RHX); this is typical of normal samples and the same for use of a t 1/n model ( Figure S6 ). Bar charts of the samples' activation energies for drying and reheating are displayed in Figure 5 (a), using the t 1/4 model. Activation energies are very similar for both components, 130°C and 500°C, using the t 1/4 model, with the exception of Nic and Mac where differences of > 40kJ/mol are observed. Similar behavior was observed for the t 1/n model results (see Figures S7-8 ). Any differences between the 130°C and 500°C activation energies are statistically insignificant, with the exception of Nic and Mac. RHX activation energies are presented in Figure 5 (b) (tabulated data is included in S15-S16). In Figure 6 (a), a chart compares the average 1/n values (separate averages of the three modelled aging temperature curve 1/n values for both drying and reheating) of the samples together with the uncertainties (tabulated data S17).
The curvature is predominantly positive ( n < 4) and there is a good agreement between the behaviour of the 130°C
and 500°C groupings for each sample (t-test of paired samples, p = 0.20, the null hypothesis of no difference between pairs cannot be rejected).
Surface Area
The results of BET surface area analysis are presented in Figure 6 (b) with tables of surface area and pore size/volume measurements provided in the supplementary data, Table S10 . For Rat, the specific surface area was negligible. A strong correlation, R 2 = 0.91, between BET surface area and the fractional Stage 1 mass gain (using the average of the 130°C and 500°C components, mS1-avg (fract.) ) is presented in Figure 6 (c) for all samples and using the t 1/4 model (similar results, Figure S9 , for the t 1/n model). An association between BET surface area and the 1/n value of wellbehaved samples is explored in Figure 6 (d). Some relationship between the two is probable, R 2 = 0.76 and with a pvalue = 0.0002 (t-test of the null hypothesis of the slope equating to zero).
In relation to the magnitude of the surface area and its relationship to well-behaved or abnormal samples, a brief note can be made. Well-behaved samples that produced strongest evidence of having been originally fired at higher temperatures ( /g, see Figure 6 (b)) can be associated with low temperature firing for some samples (e.g. Etr, Rom) but for others (e.g. Dow1, Dow2) the formation of, for example, wollastonite and anorthite (S2, 800-1050°C firing temperature, see Dunham 19 ) suggests they were well-fired. For these abnormal samples, the role of calcite and its thermal products (particularly poorly decomposed primary calcite, recrystallized calcite or secondary calcite) are suspected to be involved in the high surface area values but more work on this topic is required (a detailed discussion is provided in Barrett 11 ; note however the strong presence of calcium rich minerals in these samples, S2-3, as well as the high calcium levels (CaO) in abnormal samples, included in table Table S4 , using p-XRF analysis).
TG-MS and Water Loss
The complete set of TG-MS curves are provided in Barrett (Appendix C), 11 with mass spectrometry examples provided in Figure 7 . A summary of the major features identified and related to moisture loss for all samples are shown in Figure 7 . For abnormal samples (associated with high surface area) a strong peak was present at temperatures just below 100°C and this made the presence/absence of Event B difficult to confirm; its absence in Table 1 may reflect this.
The average water loss (MS H2O ion current) for 10 well-behaved samples (black line, Mac and Bel excluded) is presented in Figure 7 , together with examples of the individual curves for Rat (red dotted) and Ann (green dashed).
Three main features are strongly represented in the average behaviour curve, a peak at approximately 65-70°C
(removal of physisorbed water), and two broad structures at higher temperatures with peaks at approximately 150- Table 1 and the examples Rat and Ann, included in Figure 7 , the location of these structures varies to a moderate extent dependent on the sample, with the averaged curve interpreted as representative of the more typical behaviour. Note the low levels of moisture removal below 100°C relative to that above for the sample Rat; this was typical of well-behaved samples (e.g. Tur) which exhibited low BET surface area. The exclusion of Mac and Bel from the average behavior curve was due to the presence of a very strong and narrow peak at approximately 90°C which when included in the averaged curve obscured other structures nearby; this behavior for Mac and Bel is associated with gypsum related issues, mentioned previously.
160°C (Event B) and 300-310°C (Event C/D). As is made clear in
IV. Discussion
Stage 1 and Physisorption
Despite the need for a more accurate means of estimating the Stage 1 mass gain, a strong argument for an interpretation of the Stage 1 mass gain (excluding an on-going t 1/n or t 1/4 process) resulting solely from physisorption of water on the surface/pores of the ceramics can be made: on-going over the duration of Stage 1, the present work supports an interpretation of the defined S1 mass gain, mS1, being solely attributable to physisorption. The strong relationship between Stage 1 mass gain and specific surface area does provide the first convincing evidence that there is a correlation between the specific surface area and duration of S1. 17 Particularly, it can be observed in the prolonged Stage 1 duration of high surface area samples, for example
Lan and Rom in Figure 2 and Figure 3 (This is examined more in Barrett 11 where a correlation of R 2 = 0.89 is found between the magnitude and duration of S1). The previous argument for the correlation between specific surface area and duration (Wilson et al. 17 ) suffers from several issues (critiqued previously 8, 11 ): there is disagreement between their plot ( Figure 7 ) and the table of data used (Table 2) , with a data point omitted without explanation and another appearing to be assigned an incorrect value; the plot is also biased positively by a single sample with a large specific surface area. (54) and for aging at three different temperatures, e.g. Figure 2 and Table 1 and Figure 7 . This event (peaking in the range 150-160°C) is not due to removal of physisorbed water, for which an independent lower temperature peak, Figure 7 , is present. It is now suggested that Event B might be a low-temperature chemisorption event which results in the removal of chemisorbed water during drying and is reversible to some extent during postdrying mass gain; this results in a 130°C Stage 2 mass gain component with a corresponding activation energy of average value 78kJ/mol for the present set of samples. This Event B finds support elsewhere in the 'bump' below 300°C in the dilatometry results of Gallet and Le Goff 10 ( Figure 6 ), which they also associate with the removal of chemisorbed water. This peak may correspond to chemisorbed water removed between 105-300°C that is described by Drits and McCarty 28 (see also Clegg et al. 18 ). This chemisorption process may explain an issue of prolonged drying of samples with low surface area, even after two months of heating at 130°C, mass loss was on-going (Barrett 11 ); this drying temperature sits below the peak removal temperatures recorded in the TG-MS (typically 150-160°C) and may thus only permit removal of chemisorbed molecules at a less than optimal rate. In Barrett, the only well-behaved sample to fully dry was Esp for which Event B was very low in magnitude and with a peak water removal temperature of 110°C, well below the drying temperature of 130°C (prolonged drying of abnormal samples, for which Event B is hard to identify in the TG-MS data, possibly masked by the large peak associated with removal of physisorbed water, was also an issue; however, these samples have a considerably greater capacity for water (high surface area and pore volume) and drying may be prolonged for this reason also). The above evidence for the existence of a chemisorption event, distinct from a higher temperature rehydroxylation event, agrees with Gallet and Le Goff 10 who come to a similar conclusion based on the variation of 1/n with the drying/reheating temperature. 
Drying (130°C) and chemisorption
Stage 2 and a t 1/n Model
From examination of the mass gain curve examples in Figure 2 and the combined modelled 1/n results in Figure 6 (a), it is clear that the curvature in Stage 2 is both present and a property of the sample, varying from approx. Perhaps the strongest support for the curvature being real (i.e. not an experimental artefact 17 , a point dismissed elsewhere on account of suitable experimental design 10, 11 ) is that, with the exception of specific surface area and pore volume, between the t 1/n diffusion mechanism associated with mass gain and the pore structure of the ceramic. More work is needed to support and elucidate why samples with lower surface area and lower pore volume, might have higher 1/n values that can be associated with freer diffusion within the available pore structure of the ceramic body, i.e. a more Brownian-type t 1/2 diffusion; perhaps high levels of physisorbed water associated with high surface area samples are inhibitive in some sense, resulting in more one-dimensional t 1/4 type diffusion.
In any case, the mass gain in fired clay ceramics obeys, or is more adequately described, by a t 1/n model with 1/n variation dependent on the diffusion pathways, more specifically the micropore structure, of the sample. Certainly, it no longer seems tenable to constrain the behavior to a t 1/4 model.
V. Conclusion
Data from a large set of mass gain curves (54), obtained following drying (130°C) and reheating (500°C) with subsequent aging at three different temperature (25,35,45°C) , was examined together with BET surface area and TG-MS data. For the diverse collection of samples used (archaeological material, mostly post-medieval brick), a better understanding of the mass gain behavior and associated physisorption/chemisorption processes, with particular relevance to RHX dating, has been gained in the form of the following findings:
 A two-stage mass gain follows drying, with similar behaviour to that following reheating at 500°C:
Following drying (130°C), well-behaved samples exhibited a two-stage mass gain behavior: a Stage 1 mass gain profile almost identical to that following reheating at 500°C; and a Stage 2 behavior similar to that following reheating at 500°C also, i.e. having the same t 1/n behavior but with lower rate mass gain rates.
 The Stage 1 mass gain is due to physisorbed water:
The Stage 1 mass gain (not associated with t 1/n behaviour) for both the 130°C and 500°C mass gain curves is due exclusively to physisorbed water, evident in its correlation with surface area/pore volume, its similar magnitude following 130°C and 500°C heating, and its strong association with the removal of physisorbed water in TG-MS data.
 The Stage 2 mass gain of the 130°C component has an Arrhenius temperature dependence, and is associated with a (low temperature) chemisorption event:
The Stage 2 mass gain behavior was found to have an Arrhenius temperature dependence for both the 130°C and 500°C mass gain curves. The average activation energy of the 130°C (78kJ/mol or 58kJ/mol, model dependent) process was slightly lower than that following heating at 500°C (86kJ/mol or 67kJ/mol), but significantly lower than the estimated RHX activation energy (137kJ/mol or 101 kJ/mol). The Stage 2 mass gain following drying at 130° is interpreted as due to chemisorbed water removed during heating. This is supported by a related water removal event in the TG-MS data, distinct from a lower temperature physisorption event and a higher temperature event associated with dehydroxylation. with 1/n = 1/6-1/2, dependent on the sample and in support of other work. [7] [8] [9] [10] The 1/n variable has similar values following drying and reheating, regardless of aging temperature and a relationship was observed between the level of 1/n and the surface area/pore volume of the sample suggesting a connecting between the diffusion mechanism and the pore structure.
Many of the key assumptions and properties of RHX dating have come under criticism and more intense scrutiny to the point where the potential of the method is no longer clear. The above work clarifies and helps provide a better understanding and description of the underlying mass gain behavior and processes, necessary in order to assess whether an alternative or improved methodology is possible and how this might be applied in future work. 
